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Establishing secure communication links at a global scale is a major potential application of
quantum information science but also extremely challenging for the underlying technology. While
milestone experiments using satellite-to-ground links and exploiting singe-photon encoding for im-
plementing quantum key distribution have shown recently that this goal is achievable, it is still
necessary to further investigate practical solutions compatible with classical optical communication
systems. Here we examine the feasibility of establishing secret keys in a satellite-to-ground down-
link configuration using continuous-variable encoding, which can be implemented using standard
telecommunication components certified for space environment and able to operate at high symbol
rates. Considering a realistic channel model and state-of-the-art technology, and exploiting an or-
bit subdivision technique for mitigating fluctuations in the transmission efficiency, we find positive
secret key rates for a low-Earth-orbit scenario, while finite-size effects can be a limiting factor for
higher orbits. Our analysis determines regions of values for important experimental parameters
where secret key exchange is possible and can be used as a guideline for experimental efforts in this
direction.
Introduction
Quantum key distribution (QKD) exploits fundamental
principles of physics to exchange cryptographic keys be-
tween two parties. It can guarantee information-theoretic
security, in the sense that the security of the protocol
does not depend on the complexity of some mathemat-
ical problem and hence the computational power of a
possible adversary does not have to be bounded. QKD
represents today one of the most successful applications
of quantum information [1, 2].
The rapid evolution in QKD implementations has re-
sulted in extending the communication range from few
centimeters of the first test to several hundreds of kilo-
meters obtained with modern technology [3–6]. However,
this evolution in ground-based implementations faces a
fundamental limitation related to the attenuation of the
quantum signal in optical fibers, which increases expo-
nentially with the distance. With this scaling law, cov-
ering several thousands of kilometers, as required for the
realization of an intercontinental QKD link, would be im-
possible even with the most advanced technology, if only
repeaterless architectures are considered [7]. Quantum
repeaters [8–12], whose functioning relies on entangle-
ment distribution and in most cases on quantum mem-
ories, might solve the problem of extending the commu-
nication range. However, despite progress in the field
[13, 14], the technology is still far from being applicable
to intercontinental quantum communication.
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To overcome this limitation, a possible solution is the
use of orbiting terminals to distribute cryptographic keys
among ground stations. Studies investigating the feasi-
bility of quantum communication using satellites have
been ongoing for a decade [15–21], but a milestone
was reached recently with the first complete satellite-to-
ground QKD implementations realized with the Chinese
satellite Micius [22, 23]. Soon after these demonstrations,
the satellite was used for the realization of the first inter-
continental quantum-secured communication [24], thus
opening the era of satellite QKD.
While these results represent a major step in the
field, several issues still need to be addressed for the
realization of a global QKD network based on satellite
communication. In this framework, an important as-
pect is related to the development of high performance
space-qualified terminals that will allow for stable, high
throughput QKD links from a constellation of satellites
to a network of ground stations. To this end, a pos-
sible breakthrough may come from the implementation
of continuous-variable QKD protocols (CV-QKD) [25–
28]. These protocols have the main advantage of using
standard telecommunication components, such as IQ or
amplitude and phase modulators for state preparation
and coherent receivers for state detection, thus allow-
ing to exploit the heritage of classical optical communi-
cation both in terms of high speed components and of
their space qualification. The possibility of free-space
and satellite CV-QKD has been investigated theoreti-
cally [29–32] and some preliminary experimental studies
have been performed on signal transmission along free-
space and satellite-to-ground links [33, 34]. Moreover,
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FIG. 1. Schematic diagram of the CV-QKD communication
scheme analyzed in this work. A fixed ground station (Bob)
follows the trajectory of a satellite (Alice), equipped with a
tracking system, passing over its zenith point. An adaptive
optics (AO) system is required in order to correct the wave-
front distortions due to the atmosphere and maximize the
signal to noise ratio at the receiver. The exact implementa-
tion of this system is beyond the scope of this work. The
parameters θp, θd are explained in the text.
recent studies have summarized the main characteristics
of a satellite-based CV-QKD link [35] and have provided
the secret key rate for some specific scenarios, which how-
ever do not include crucial link aspects, such as beam
divergence, satellite pointing error, satellite motion and
finite size effects [36–38]. Therefore, whether this tech-
nology can be used for secret key generation in a realistic
satellite-based scenario remains an open question.
Here we present a feasibility study of satellite-to-
ground CV-QKD, taking into consideration state-of-the-
art technology for the quantum state generation, trans-
mission and detection, a realistic channel model and vari-
ous orbit configurations. Our analysis follows the trusted
node approach, where the satellite establishes a separate
QKD link with each ground station and hence has ac-
cess to the keys [22, 24], rather than the untrusted one,
where entangled photons are provided by the satellite to
the ground stations, which subsequently establish the se-
cret key [39]. Furthermore, we calculate the secret key
rate in the downlink scenario, where the emitter is on the
satellite and the receiver on the ground, as it is more fa-
vorable for the optical signal transmission. The receiver
uses a coherent detector with a free running local oscilla-
tor (local LO) and reference symbols (pilots) are trans-
mitted for phase recovery. A schematic diagram of the
configuration we are considering is shown in Fig. 1.
Adopting a technique based on orbit subdivision to
mitigate the effects of transmission fluctuations, we find
that continuous-variable technology is a viable option
for satellite QKD on low Earth orbits and identify
experimental parameter regions that allow for secret
key exchange. For higher orbits, the key generation is
affected by finite size effects due to the limited number
of symbols exchanged in a single satellite pass for such
high-loss channels. These may be mitigated by achieving
higher transmission rates or by considering multiple
satellite passes.
Results
In our study we first provide a general model of the
satellite-to-ground transmission channel, taking into ac-
count the beam propagation as well as the satellite or-
bit. We then examine the effect of channel fluctuations
in CV-QKD and derive an equation for the secret key
rate over generic fading channels. We subsequently use
this equation for estimating the key rate in the case of
downlink transmission, both in the asymptotic limit and
considering finite size effects.
Channel model. We start our analysis by investigating
the statistical properties of the satellite-to-ground trans-
mission channel, which are critical for the assessment of
the possibility to establish a QKD link in this configu-
ration. In the downlink scenario that we are considering
here, the beam travels from the satellite to the ground
station and undergoes the disturbance and loss effects
due to the atmosphere at the end of its path, resulting
in a more favorable situation for key generation with re-
spect to an uplink configuration [40]. Indeed, in downlink
most of the beam propagation occurs in vacuum, where
the beam maintains its diffraction limit properties, while
the turbulent atmosphere is encountered only during the
last ' 20 km of its path. On the contrary, for uplink
the wavefront is distorted at the beginning of its path,
resulting in a stronger impact on the beam propagation.
There are several disturbance effects that occur during
beam propagation, which can be classified as systematic
or of random nature.
The systematic effects are theoretically predictable
physical processes that perturb and attenuate the signal,
and they include the refraction of the beam in the dif-
ferent atmospheric layers and the extinction of light due
to absorption or scattering by air molecules or aerosols.
The former is due to the variation in the optical refrac-
tive index of the atmosphere as a function of altitude and
it causes the light to deviate from a straight line, result-
ing in an elongation of its physical path. Reference [41]
provides a detailed calculation of the elongation factor -
the ratio of the total length of the beam trajectory to the
geometric path length - as a function of the apparent el-
evation angle of the satellite, i.e., the angle with respect
to the horizon at which the satellite appears due to re-
fraction and which differs from the real elevation angle.
In this work, we restrict our analysis to elevation angles
above 20 degrees, where the elongation factor remains
close to 1 and therefore this effect can be neglected (see
Fig. 1). The latter effect, namely extinction due to ab-
sorption and scattering, depends on the link length and
on the molecule and aerosol distribution model [41]. It
also strongly depends on the sky condition and the trans-
mission wavelength. For elevation angles above 20 de-
grees, the atmospheric transmission efficiency τatm scales
3as:
τatm = τ
sec(θzen)
zen , (1)
where θzen is the zenith angle and τzen is the trans-
mission efficiency at zenith [42]. The estimation of the
zenith transmission efficiency relies on the MODTRAN
code [43], a widely used atmospheric transmittance and
radiance simulator. Considering a 1550 nm wavelength,
mid-latitude summer atmospheric model with visibility
of 23 km (corresponding to clear sky condition) the
MODTRAN web app calculator gives τzen = 0.91 for
both rural and urban aerosol models [44].
In addition to such systematic effects, random vari-
ations in the atmospheric temperature lead to fluctu-
ations in the refractive index that have the statistical
properties of turbulent scalar fields. The most important
consequence of this atmospheric turbulence are intensity
fluctuations (scintillation), beam wandering and beam
broadening, which induce fading, namely fluctuations in
the received optical power and hence in the transmissiv-
ity of the channel. The strength of these effects also de-
pends on the altitude and hence on the elevation angle, as
discussed in detail in Ref. [41]. The atmospheric turbu-
lence is also responsible for the deformation of the beam
profile. This is crucial, especially in the context of CV-
QKD, where mode matching between the received signal
and the phase reference (local oscillator) is important for
the coherent detection [34]. To avoid mode mismatch,
we assume the use of single mode fibers as spatial-mode
filters of the incoming beam, together with an advanced
adaptive optics system [45] to improve the coupling ef-
ficiency of the incoming light into the single mode fiber
core. Acting as a spatial mode filter, the coupling to a
single mode fiber removes components of the signal that
would not interact with the LO and contribute to the
detected signal. This filtering hence reduces the noise
in the detection apparatus and also facilitates the use of
components like integrated coherent receivers, which are
typically available as commercial off-the-shelf and stan-
dardized devices. We remark that recent advances in this
field have experimentally demonstrated a coupling effi-
ciency in a single mode fibre exceeding 50% for a large
aperture telescope [46].
Besides turbulence effects, the beam propagation is af-
fected by wandering due to the pointing error of the satel-
lite. This is characterized by the angle θp, which is de-
fined as the standard deviation of the angle between the
direction of the center of the beam and the imaginary line
joining the emitter and receiver telescopes, so that in the
case of no pointing error we would have θp = 0 µrad. A
pointing error of the order of 1 µrad has been obtained
in low-Earth-orbit (LEO) satellite-to-ground communi-
cation links [22]. This is used as a nominal value in our
analysis. Similarly, the divergence of the beam is char-
acterized by the angle θd, for which we use the nominal
value of 10 µrad, which has been demonstrated with a
300 mm aperture telescope on-board of the Micius satel-
lite.
We are now ready to analyse the statistical proper-
ties of our channel, which will be necessary for assess-
ing the effect of fading on the CV-QKD link, under the
above assumptions. To do this, we follow the approach
of Ref. [29] and calculate the probability distribution of
the transmission efficiency (PDTE), as it characterizes
completely the statistics of the quantum channel for a
given satellite orbit. Indeed, the transmission of coherent
states of light through the atmosphere can be modeled by
the input/output relation of the annihilation operators,
aˆout/in. The transformation should preserve the commu-
tation relation, so that we can write:
aˆout = T aˆin +
√
1− T 2cˆ, (2)
where cˆ are environmental modes and T is the trans-
mission coefficient (with the transmission efficiency be-
ing τ = T 2). Within this model, we can obtain the
P -function characterizing the statistics of the quantum
state; it is then possible to show that the PDTE is suffi-
cient to characterize the state at the receiving telescope
[29]. In the following, we first calculate the probabil-
ity distribution obtained at a fixed distance between the
satellite and the ground station, and then we take into
account the satellite’s orbit to compute the total proba-
bility distribution, i.e., the PDTE of the entire orbit.
a. Probability distribution at a fixed satellite distance:
We consider a fixed distance R between the satellite and
the ground station. The overall transmission efficiency
can be divided into a fixed and a time varying term. We
estimate the fixed attenuation term to be 3.8 dB, includ-
ing 3 dB of losses for fiber coupling and an additional
0.8 dB for taking into account the fact that we are only
considering the main peak of the Airy diffraction pat-
tern. As discussed previously, the main dynamic effects
affecting the transmission in our analysis are the point-
ing error of the satellite and the divergence of the beam,
characterized by the angles θp and θd, respectively.
Following Ref. [29], to calculate the PDTE we first
consider the deflection distance, r, and its standard de-
viation, σr. As shown in Fig. 2(a), r is the instantaneous
distance between the center of the receiving telescope and
the center of the beam. Its standard deviation depends
on the pointing and on the atmospheric turbulence as:
σr =
√
(Rθp)2 + σ2turb ' Rθp. (3)
In the weak turbulence regime, the variance of the
beam center due to turbulence is given by σ2turb '
1.919 C2nz
3(2W0)
−1/3 and depends on the distance trav-
eled by the beam in the atmosphere, z, and on the
beam waist when entering the atmosphere, W0. For
stronger turbulence, this expression represents an up-
per bound, as σ2turb saturates and an increase of the
path length or turbulence strength will not increase its
value [47]. The parameter C2n is the refractive index
structure parameter that characterizes the strength of
4FIG. 2. Example of the characterization of an atmospheric
channel at a fixed satellite-to-ground slant distance of R =
400 km. The values for the variables are θp = 1 µrad,
θd = 10 µrad, a = 0.75 m. (a) Schematic of the beam and
receiver telescope aperture; (b) Transmission coefficient as a
function of the deflection distance; (c) Probability distribu-
tion of the deflection distance; (d) Probability distribution of
the transmission efficiency (PDTE).
the atmospheric turbulence. In case of moderate tur-
bulence and considering a wavelength of 1550 nm we
have C2n ' 10−15 − 10−14 m−2/3, which gives σ2turb .
10−4 m2 << (Rθp)2 ' 10−1 m2, corresponding to a
pointing error of ' 1 µrad and a satellite altitude of 300
km. This justifies the approximation in the right hand
side of Eq. (3) for all satellite altitudes above 300 km.
Under this approximation, the probability distribution
of the deflection distance follows the Weibull distribution:
P (r;σr) =
r
σ2r
exp
(
−
(
r√
2σr
)2)
. (4)
An example of this distribution is shown in Fig. 2(c).
Given now a distance r, the transmission coefficient can
be obtained from geometrical considerations. An approx-
imate but sufficiently accurate analytic relation between
r and T can be calculated as [29]:
T 2(r) = T 20 exp
(
−
( r
S
)λ)
. (5)
T0 is the maximum transmission coefficient possible,
and S and λ are the scale and shape parameters respec-
tively, given by:
S = a
[
ln
(
2T 20
1− exp[−4 a2W 2 ]I0(4 a
2
W 2 )
)]−(1/λ)
, (6)
λ = 8
a2
W 2
exp[−4 a2W 2 ]I1(4 a
2
W 2 )
1− exp[−4 a2W 2 ]I0(4 a
2
W 2 )
×
[
ln
(
2T 20
1− exp[−4 a2W 2 ]I0(4 a
2
W 2 )
)]−1
,
(7)
where In is the n-th order modified Bessel function.
All three are given functions of the beam waist on the
ground, W = Rθd > 4 m for satellites above 400 km,
and of the telescope aperture radius, a, here considered
0.75 m. Hence, we can write T0 = T0(W,a), λ = λ(W,a),
and S = S(W,a). The relation between T and r/a for
these values is shown in Fig. 2(b).
We can then substitute Eq. (5) into Eq. (4) and use
the chain rule to obtain the probability distribution of
the transmission coefficient, PDTC. The PDTE is ob-
tained from the PDTC using the chain rule with τ = T 2.
Fig. 2(d) gives an example of the characterization of an
atmospheric channel of fixed distance following our model
for the same parameters as discussed above.
b. Probability distribution for orbit: We now obtain
the PDTE for the entire satellite pass. In our analysis,
we consider circular orbits that are passing at the zenith
of the ground station (which is assumed not to move dur-
ing the pass). We can write the radius of such orbits as
RO = RE+hs , were RE is the Earth’s radius and hs the
satellite’s altitude with respect to the ground. The angu-
lar velocity of the satellite is ω2 = GMT /R
3
O, where MT
is the Earth’s mass and G is the gravitational constant.
The distance between the satellite and the ground sta-
tion during the satellite’s visibility time, that we denote
R(t), then reads:
R(t) =
√
R2E +R
2
O − 2RERO cos(ωt). (8)
We then proceed as follows:
• The orbit is divided into a set of points defined by
the position of the satellite at a certain time, R(ti)
(i runs with the number of points), given by the
orbital equation, Eq. (8).
• For each one of these points, both the PDTE(R(ti))
and the time difference between consecutive points
of the orbit, denoted ∆ti = ti−ti−1, are computed.
The PDTE(R(ti)) includes as a multiplicative fac-
tor the atmospheric transmission efficiency, Eq. (1),
for the elevation angle corresponding to R(ti). The
value PDTE(R(ti))·∆ti gives the distribution of the
times with different transmission efficiencies inside
the computed interval.
• Therefore, if we sum PDTE·∆ti over all the points
we obtain the final distribution for the time spent
5FIG. 3. PDTE for three different orbits of increasing satellite
altitude. The values of the variables for each orbit are the
same as in Fig. 2.
by the satellite with a certain transmission effi-
ciency τ . Indeed, we are mimicking the integral
over the flight time:
1
FT
∑
i
PDTE(τ,R(ti))∆ti −→ 1
FT
∫
PDTE(τ, t)dt,
(9)
where the flight time, FT, is the normalization factor.
Because we are considering circular orbits, we can label
each orbit with its altitude, which is the minimum dis-
tance of the orbit, coinciding with the moment at which
the satellite is exactly above the ground station. For such
orbits and following the procedure described above, we
show in Fig. 3 the probability distribution of the trans-
mission efficiency (PDTE) for three different orbits of
increasing altitude for a telescope with aperture radius
a = 0.75 m. We remark that for higher orbits the vari-
ance of the distribution decreases. As described in the
following, this fact has an impact on the noise introduced
in time varying channels.
We note that the conclusions that we have drawn for
the downlink characterization are in agreement with the
recent analysis of Ref. [48]. Interestingly however the
authors there use the elliptical model rather than the
circular one, which means that the ellipticity does not
affect the probability distributions. For completeness, we
also show in Fig. 4 the average attenuation encountered
in a pass as a function of the satellite altitude.
Key rate estimation. Let us now describe the pro-
cedure we follow to estimate the key rate over a fading
channel in the asymptotic regime, i.e., when no finite-
size effects are taken into account. For this estimation
we consider the no-switching CV-QKD protocol [49] in
its prepare and measure version (PM). Alice starts by
FIG. 4. Average attenuation per pass as a function of satellite
altitude.
sampling 2N real random variables X1, ..., X2N accord-
ing to a Gaussian distribution with variance VA, that is,
Xk ∼ N (0, VA) and prepares the corresponding N coher-
ent states |α1〉 , ..., |αN 〉, where αk = X2k−1 + iX2k ∈ C.
Each of these states is sent through the quantum chan-
nel to Bob, who performs measurements in both quadra-
tures simultaneously (heterodyne detection) [50]. For the
kth use of the channel, he obtains two results Y2k−1 and
Y2k which are supposed to be correlated to X2k−1 and
X2k. The string Y = (Y1, . . . Y2N ) forms the raw key
since we consider the reverse reconciliation setting [51]
which is advantageous in case of low transmission effi-
ciency. Note that in a practical protocol, Bob will dis-
cretize his data, for instance by dividing the real axis into
bins of small width. Asymptotic values are obtained in
the limit N →∞.
The standard formula to compute the asymptotic value
of the secret key rate, in the case of reverse reconciliation,
is the so-called Devetak-Winter bound [52]:
KDW = βIAB − χBE , (10)
where βIAB quantifies the correlations between Alice and
Bob’s data (here, the imperfect efficiency of the error
correction procedure is taken into account thanks to pa-
rameter β ≤ 1) and χBE quantifies how much informa-
tion the adversary holds about the raw key correspond-
ing to Bob’s string. The Devetak-Winter bound is valid
against collective attacks and remains true even against
general attacks for QKD protocols with sufficient sym-
metry, including for the no-switching protocol, more pre-
cisely when de Finetti reductions are applicable [53–55].
In order to assess the performance of a protocol for
a given quantum channel, one simply needs to esti-
mate the value of βIAB and χBE . For the first term,
since we are dealing with the reverse reconciliation sce-
nario, one should provide a model of the classical chan-
nel {Yk → Xk} as well as an error correction procedure
6allowing Alice to recover the value of Yk from her ob-
servations and from additional side-information sent by
Bob. In order to obtain χBE , one should similarly model
the parameter estimation procedure and compute the ex-
pected value that Alice and Bob would observe for our
specific channel model. While these computations are
fairly standard in the case of a fixed Gaussian channel
with constant transmission efficiency and excess noise,
the situation becomes more subtle in the case of a fading
quantum channel and indeed conflicting results have ap-
peared in the literature [56, 57] (see Methods for details).
Here, we find it useful to recall the derivation of the
asymptotic secret key rate from the non-asymptotic case.
According to Refs. [55, 58], the protocol we are consid-
ering is secure against general attacks, even in the finite
size regime, and the asymptotic secret key rate is given by
K = lim
N→∞
1
N
(
H(Y(N))− leak(N)EC )
)
− f(Γ(N)). (11)
In this expression, H(Y(N)) refers to the empirical en-
tropy of the string Y(N) and the superscript N is explic-
itly written to emphasize that each of these quantities
depends on the block length. Since we are only interested
in the asymptotic behaviour of the secret key rate, we ne-
glect discretization effects here. The quantity leak
(N)
EC is
the number of bits that are leaked in the error correction
procedure during which Bob sends some side informa-
tion to Alice to help her guess the value of Y. The term
f(Γ(N)) quantifies the information available to Eve and
will be described later.
The advantage of Eq. (11) is that it tells us how to
compute βIAB and χBE in the Devetak-Winter bound,
namely
βIAB = lim
N→∞
1
N
(
H(Y(N))− leak(N)EC )
)
,
χBE = lim
N→∞
f(Γ(N)). (12)
Let us first consider the first term. Here we model
the quantum channel between Alice and Bob as a phase-
insensitive noisy bosonic channel with transmission ef-
ficiency given by a random variable τk ∈ [0, 1], whose
probability distribution is the one calculated previously.
The channel noise will be treated with the so-called ex-
cess noise, ξ, whose full derivation will be given in the
following. We will additionally model the imperfections
in Bob’s detectors by two parameters: their detection
efficiency η and the electronic noise νel. In particular,
this implies that the random variables Xk corresponding
to Alice’s inputs and Yk for Bob’s measurement results
satisfy:
Yk = TkXk + Zk, (13)
where Tk is the overall transmission coefficient for the k
th
channel use, T 2k = τk, and Zk ∼ N (0, σ2) is a Gaussian
noise of variance σ2 assumed to be constant.
In order to compute the key rate of Eq. (11), it is
important to understand how fast the fading process is.
The main idea here is that this process, whose time scale
is typically of the order of 1-10 ms due to atmospheric
turbulence, is much faster than the time needed to distill
a secret key, which in our case corresponds to a com-
plete satellite pass. In other words the channel trans-
mission coefficient fluctuates significantly over N uses of
the channel, but this coefficient is relatively stable over
consecutive uses of the channel, which occur with ns sep-
aration. As a consequence, Alice and Bob can exploit
classical signals to roughly monitor the current transmis-
sion value of the channel and adapt their error correction
procedure accordingly. This implies notably that for the
error correction procedure, we can assume that Alice and
Bob know (approximately) the value of Tk. This allows
them to use good error correcting techniques developed
for the fading channel where the fading process Tk is
known to the receiver. In particular, the Gaussian mod-
ulation permits to achieve the capacity of this channel up
to a reconciliation efficiency factor β and one expects [59]
βIAB = βE
[
log2
(
1 +
T 2VA
σ2
)]
, (14)
where E[·] is the expectation with respect to the fad-
ing process. Here and in the following, we write T in-
stead of Tk and replace averages of the form
1
N
∑N
k=1
by the expectation E for simplicity. Note that since the
log function is concave, the value we find for βIAB is
smaller than the one computed for a channel with a fixed
transmittance E[T 2]. To numerically compute the value
of Eq. (14) it is possible to use the expressions given in
Ref. [60] for a fixed transmission channel, and take their
expectation value.
Let us now turn to the second term of Eq. (11), namely
f(Γ(N)), which quantifies the information available to
Eve. More precisely, Γ(N) is a worst case estimate of
the (average) covariance matrix of the state Alice and
Bob would share in the entanglement-based version of
the protocol and the function f is defined as
f(Γ) = g(ν1) + g(ν2)− g(ν3)− g(ν4), (15)
where g is the entropy function g(z) = z+12 log2
z+1
2 −
z−1
2 log2
z−1
2 , ν1 and ν2 are the symplectic eigenvalues of
Γ(N) and ν3 and ν4 are the symplectic eigenvalues of the
matrix describing Eve’s system conditional on Bob’s mea-
surement outcome [61]. The interpretation of the func-
tion f is that it coincides with the Holevo information
between the raw key and Eve’s quantum memory com-
puted for a Gaussian state ρGABE with covariance matrix
coinciding with Γ(N) on Alice and Bob’s systems.
In order to compute the covariance matrix Γ(N) that
Alice and Bob would infer from their data, we note first
that for a fixed transmittance value T , the covariance
matrix of the bipartite quantum state they would hold
7in the entanglement-based version of the protocol reads
Γ(T ) =
[
V 12 T
√
V 2 − 1σZ
T
√
V 2 − 1σZ (T 2(V − 1) + σ2)12
]
, (16)
with V = VA + 1, 12 = diag(1, 1) and σZ = diag(1,−1).
As observed in Ref. [56], when the fluctuation of the
transmission efficiency is considered, the resulting state is
a mixture of the individual fixed-transmission states, giv-
ing an overall covariance matrix equal to Γ(N) = E[Γ(T )],
that is:
Γ(N) =
[
V 12 E[T ]
√
V 2 − 1σZ
E[T ]
√
V 2 − 1σZ (E[T 2](V − 1) + σ2)12
]
.
(17)
If we compare the covariance terms in Eqs. (16) and
(17) we can identify an effective transmission for the fad-
ing channel equal to E[T ]2. In particular, the variance of
Bob’s system can be written
E[T 2](V − 1) + σ2 = E[T ]2(V − 1 + ξfad) + σ2,
where
ξfad =
(E[T 2]−E[T ]2)
E[T ]2
(V − 1) = Var(T )
E[T ]2
(V − 1) (18)
corresponds to noise exclusively due to fading. In other
words, Eve’s information in the presence of fading corre-
sponds to her information for a fixed Gaussian channel
with transmission efficiency E[T ]2 and an added noise
given by (V − 1)Var(T )/E[T ]2. This extra noise will be
detrimental to the performance of the QKD system un-
less Var(T )  1V−1 . By re-writing the fading case as a
fixed case with an effective transmission efficiency and
excess noise, it is possible to use the equations reported
in Ref. [60] for calculating the eigenvalues in Eq. (15).
To summarize, by putting together the two terms of
Eq. (11), our expression for the secret key rate in the
presence of fading becomes:
Kfad = βE
[
log2
(
1 +
T 2VA
σ2
)]
− f(E[Γ(T )]). (19)
Simulation results. We are now ready to use the re-
sults derived above to estimate the expected key rate
achievable for a satellite-to-ground CV-QKD link under
our assumptions. To properly account for the expected
noise, we include in our modeling the noise contribution
related to the phase recovery between the signals gen-
erated by Alice and measured by Bob. The technique
that we consider here has been proposed in Refs. [62, 63]
and consists in sending periodic reference symbols (pi-
lots) along with the quantum signal. At the receiver side,
Bob uses a free running local oscillator, which must be
tuned to compensate for the Doppler frequency shift in-
troduced by the satellite motion, to measure both the
pilot and the quantum signals, in a so-called ‘local’ lo-
cal oscillator configuration. As described in the Methods
Parameter Symbol Reference value
Pointing error θp 1 µrad
Divergence angle θd 10 µrad
Fixed attenuation Att 3.8 dB
Zenith transmittance τzen 0.91
Electronic noise νel 10% S.N.U.
Detection efficiency η 0.4
Fixed excess noise ξfix 1-5% S.N.U.
Reconciliation efficiency β 0.95 a
Transmission symbol rate fTX 1 Gsymbol/s
Receiving telescope radius a 0.75 m
a Note that while values of β ≥ 0.95 have been achieved for a
Gaussian channel with fixed transmission efficiency [3]
(corresponding to the so-called additive white Gaussian noise
channel), some research will be needed to obtain similar
performances for fading channels.
TABLE I. Summary of the main simulation parameters used
in our model, together with their reference values.
section, two noise contributions arise from this technique,
which are due to laser instability and shot noise.
We remark that at telecom wavelength, the Doppler
shift ranges from several GHz for LEO to several hun-
dreds of MHz for MEO [64]. This problem is well known
in classical laser communication and several solutions
have been proposed, such as optical [65] or digital [66]
phase-locked loops. An alternative solution could come
from precise orbit determination (POD) based on addi-
tional satellite payloads, such as retroreflectors, GPS re-
ceivers or DORIS antennas. With these techniques it is
possible to achieve an a posteriori determination of the
satellite velocity with a precision of < 1 mm/s, which
would correspond to a residual frequency shift of < 1 kHz
[67, 68]. Moreover, in the case of ‘local’ LO CV-QKD, an
alternative solution is to exploit the pilots to measure the
residual Doppler shift. In fact, by using ephemeris data,
it is possible to pre-compensate the Doppler shift with
an a priori residual error of tens of MHz, much smaller
than the pilot repetition rate. Under these conditions, it
would be possible to retrieve the residual Doppler shift
by analyzing the trend of the pilot phase. This possi-
ble Doppler correction technique will need further exper-
imental investigation, which is however outside the scope
of this work.
The overall excess noise ξ, here referred to the chan-
nel input, is given by the above mentioned contributions,
the fading noise, described in the previous section, and
an additional fixed contribution due to experimental im-
perfections, ξfix, which includes also other possible errors
in the phase correction.
The main experimental parameters that influence the
key rate generation are summarized in Table I, together
with their reference values. The reference values consid-
ered for the ground station and the satellite are similar
to those reported in Ref. [22] and represent a high per-
formance satellite optical communication system. A de-
tailed analysis of the effect of individual parameters on
the key rate is given in the Methods. Regarding the sig-
8FIG. 5. Trend of the fading excess noise, ξfad, in percentage
of the shot noise units, as a function of the satellite altitude
for several values of pointing error and a fixed value of the
divergence angle.
nal variance VA, for each satellite altitude and for each
set of parameters we choose the value that maximizes
the key rate. These values are in general between 2 and
4 shot noise units (S.N.U.), depending on the configura-
tion. Figure 5 shows the fading noise given by the PDTE
that we obtain for orbits going from 400 km to 22000 km.
As we see, an increase of the noise is present for LEO.
This is due to the fact that in such orbits the variation
of the slant range is more pronounced thus introducing
a higher variance on τ (as we observe in Fig. 3). More-
over, it is worth noting that when the pointing error is
much smaller than the beam divergence, the fading effect
is mainly due to the variation on the satellite distance.
To reduce the effect of fading excess noise, a natural
strategy is to reduce the variance of the fading process.
This can be achieved as follows: Alice and Bob can ap-
proximately monitor the value of the transmission effi-
ciency of the channel seen by the quantum symbols τk
by multiplexing in some degree of freedom an intense
optical signal that serves as beacon and experiences a
transmission efficiency τb. An intensity detection of the
beacon at Bob’s, sampled at rates higher than the atmo-
spheric coherence time (typically ∼ 1 kHz), can provide
an accurate estimation of the channel transmittance evo-
lution with time τb(t). This information can be used to
classify the detected quantum symbols in groups as a
function of the expected transmittance so that for each
group g the PDTE is reduced to a transmittance interval
PDTE(g) for which the contribution of the fading is less
detrimental. The CV-QKD protocol can be performed
independently for each of these groups to obtain a secret
key rate per symbol Kfad(PDTE(g)) and an aggregated
secret key rate per symbol of
Kagg =
∑
g
P (τb ∈ PDTE(g))Kfad(PDTE(g)). (20)
A similar idea has been proposed in Ref. [32], however
here we propose to use a beacon signal to estimate the
instantaneous channel transmission efficiency, instead of
relying on the quantum data. This allows for a more
precise estimation, also for a fast fading process. The
classical beacon does not transport information related
to the quantum signal and Kfad(PDTE(g)) is obtained
using only the quantum symbols. For this reason, if the
signal is tampered with in order to falsify the group clas-
sification (alter the correlation between τk and τb) only
a denial of service would be experienced, since the secret
key rate would be reduced, as the manipulated group
would suffer higher fading and more excess noise would
be estimated.
In order to reduce the effect of fading, narrow PDTE
intervals are desirable, but this can magnify finite size
effects, since the number of symbols per group will be re-
duced. This compromise between PDTE interval width
and number of symbols per group can be taken into ac-
count in order to optimize the division of the PDTE so
that Kagg is maximal for a given PDTE and orbit dura-
tion. Technical restrictions such as the resolution avail-
able for determining τb can also play a role in the ideal
division of the PDTE in groups.
In our analysis we have chosen a uniform division
of the PDTE and we do not treat the problem of the
PDTE division optimization. We divided the whole
range of transmission values in equally spaced intervals,
going from a single group (corresponding to analyzing
the data all together) to 100 intervals (i.e., close to the
asymptotic limit). The results are reported in Fig. 6 for
a satellite at 400 km and for three values of fixed excess
noise. We note that without channel subdivision no key
would be possible for a 400 km orbit. To analyze the
effect of the channel subdivision for all the orbits, we
selected subdivisions of 3, 10 and 100 intervals for all
the satellite altitudes. As shown in Fig. 7, the division
of the channel transmission efficiency in 10 groups gives
a total rate close to the asymptotic limit for all satellite
altitudes. We underline that for this simulation the same
values of beam divergence and pointing error have been
used in all cases, to emphasize the impact of the orbit
altitude on the key generation rate. However, due to the
different satellite size and environmental disturbance,
MEO satellites could in general reach better performance
in terms of beam quality.
Finite size analysis. We complete our analysis by con-
sidering the issue of finite size effects on the estimation of
parameters. It is worth noting that in satellite communi-
cation the maximum amount of time for a transmission
is given by the orbital parameters and can range from
few minutes to hours, depending on the satellite altitude.
Moreover, as discussed previously an optimization is re-
9FIG. 6. Secret key rate for channel subdivision from 1 to 100
equally-spaced intervals for a 400 km altitude satellite. The
fixed excess noise, ξfix, is, in S.N.U, 1 % (red), 3% (blue) and
5% (green) respectively.
FIG. 7. Secret key rate for channel subdivision in 3, 10 and
100 groups and different values of the fixed excess noise, ξfix:
(in S.N.U), 1% (red), 3% (blue) and 5% (green). The key rate
in bits/s can be calculated by multiplying by the transmission
symbol rate.
quired if we consider the subdivision of the channel trans-
mission efficiency for reducing the fading noise. A denser
subdivision will decrease the fading noise, but will re-
sult in less populated groups, thus making the finite size
effects more detrimental.
Here, we consider the uncertainty of the parameter
estimation due to the limited statistics. As described
in Ref. [69], it is possible to account for this effect by
considering a lower bound on the transmission coeffi-
cient T =
√
τ and an upper bound of the parameter
FIG. 8. Comparison of the key rate for LEO between the
asymptotic regime (solid line) and considering finite size ef-
fects (dashed line), which have been calculated for a symbol
rate of 1 Gsymbol/s. The fixed excess noise, ξfix, is 1% (red),
3% (blue) 5% (green).
σ2 = 1 + τξ:
Tmin '
√
τ − zPE/2
√
1 + τξ
mVA
(21)
σ2max ' 1 + τξ + zPE/2
(1 + τξ)
√
2√
m
, (22)
where m is the number of symbols used for parameter
estimation and zPE/2 is a parameter related to the failing
probability of the parameter estimation PE . Here we
consider PE = 10
−10, which gives zPE/2 =
√
2 erf−1(1−
PE) = 6.5, where erf
−1 is the inverse error function. We
consider the situation in which half of the symbols are
used for parameter estimation and the orbit is divided in
10 intervals. This choice is not optimized and should be
tailored to a specific experimental setup, however such
an optimization is beyond the scope of this work.
The results for the given parameters are shown in
Fig. 8 and highlight how the finite size effects have a
remarkable impact on higher orbits, effectively preclud-
ing CV-QKD operation beyond 2000 km when the key
distillation is performed on a single satellite pass. For
lower orbits, below 800 km, the effect is only limited to
a drop in the key rate. The finite size effects could be
reduced increasing the transmission rate and optimizing
the orbit subdivision, as well as accumulating multiple
satellite passes.
Discussion
In this work we analyzed the feasibility of CV-QKD
from satellite to a ground station. By modeling the
transmission channel along a complete circular orbit,
it has been possible to obtain the probability distri-
bution of the transmission efficiency (PDTE) of the
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quantum channel, from which we derived the secret
key generation rate both in the asymptotic case and
when finite size effects are considered in the parameter
estimation. To cope with channel fluctuations, typical
of the satellite signal transmission, we proposed a
method of data analysis based on orbit subdivision
and proved its effectiveness in improving secret key
generation. The analysis provides an estimate of the
expected key rate of satellite-to-ground CV-QKD and
allows to constraint the experimental parameters for its
realization. The obtained results show that coherent
state modulation and detection is a viable option for
quantum communication with LEO satellites. The
communication with higher orbits, achievable in the
asymptotic limit, can be affected by finite size effects
if the transmission rate is low or the orbit subdivision
is not optimized. We note however that by merging
multiple satellite passes, or with the implementation
of higher repetition rate systems, it would be possible
to extend the communication range beyond 2000 km.
Further work is required for the comparison of the key
rates achievable with continuous and discrete variable
encodings in different communication scenarios.
Methods
Parameter analysis. Here we analyze the dependence
of the secret key rate on several parameters, to obtain a
better insight into which parameters affect the most the
overall performance. To reduce the complexity of this
multiparameter analysis, we consider here the key rate
that can be obtained if the instantaneous value of the
transmission efficiency is known. This case occurs when
a sufficient number of symbols is exchanged within the
timescale of the channel fluctuation (typically of the or-
der of few ms) and it upper bounds the rate given by
Eq. (19). Such a situation is unrealistic in practice, how-
ever it will give us a reference for estimating the efficiency
of the realistic scenario.
In this scenario, the key rate can be calculated as a
weighted average, considering as weight the PDTE cal-
culated from our channel model analysis:
KUB = 〈min(0, βIAB(τ)− χBE(τ))〉τ . (23)
The parameters will be changed one by one, keeping
the others to their reference values, expressed in Table I.
The color code reflects the value of the fixed excess noise
and is the same used in the main text: red, blue and
green for ξfix = 1, 3, 5% (in S.N.U.), respectively.
In Fig. 9 we vary the electronic noise of the detectors
from 0.01 to 0.1 S.N.U. We notice that even with one or-
der of magnitude increase in noise, the key rate is almost
unaffected for all cases. This is mainly due to the fact
that in this analysis we consider the so called “trusted”
or “calibrated” scenario, in which the electronic noise is
known to Bob via a constant calibration and cannot be
exploited by Eve.
The second effect considered is the energy of the ref-
erence symbols used for phase recovery. We will illus-
FIG. 9. Comparison of secret key rate for two different elec-
tronic noise νel and three different excess noise values.
trate the problem considering a simple phase estimation
scheme operating at 1 Gsymbol/s with alternating sig-
nal and reference symbols. The time between two such
symbols, ∆t = 1 ns, gives rise to a noise contribution
ξt = VA2pi∆t∆f , where ∆f ' 1piτc = 10 kHz is the
linewidth of the two lasers and τc their coherence time
(assumed equal for Alice and Bob). On the other hand,
the phase measurement is effected by shot noise, intro-
ducing a noise of ξsn =
VA
2ηnref
, where nref =
Erefτ
Ephoton
is
the total number of photons collected, Eref is the en-
ergy of the reference symbols and Ephoton is the photon
energy. The effects for different reference symbol ener-
gies is shown in Fig. 10. While the effect for LEO satel-
lites is negligible for energies above 10 pJ, for higher or-
bits stronger values of the reference are required to avoid
any detrimental effect due to the phase alignment uncer-
tainty, which might impose restrictions in the dynamic
range of the modulators, since the optimal variance VA
decreases as attenuation increases.
Finally we consider the impact of the downlink beam
characteristics, namely the pointing error and the beam
divergence, on the final key rate. As expected, these val-
ues have a strong impact in all the configurations shown
in Fig. 11, underlying the importance of a high quality
beam propagation for satellite CV-QKD.
Previous treatment of fading in the literature.
Reference [57] considers two scenarios: slow fading where
the transmission efficiency fluctuates at a slower rate
than the key establishment rate, and fast fading where
the transmission value fluctuates significantly during a
single key extraction procedure. The second scenario is
similar to ours, but the expression of the authors for the
secret key rate differs since they obtain
Kfast fading = βIAB
ηmin −
∫
dτPτχ(E; y), (24)
where the transmission efficiency τ = T 2 is uniformly
distributed with distribution Pτ over some interval
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FIG. 10. Comparison of secret key rate for different values of
the reference symbol energy Eref , for the three different excess
noise values considered along the paper.
FIG. 11. Comparison of secret key rate for different values
of pointing error, θp, and divergence angle, θd at the three
excess noise values.
[τmin, τmax]. In other words, they take the most pes-
simistic value of IAB (corresponding to the lowest trans-
mission value) and consider the average of the Holevo
information between Eve and the raw key, over the pos-
sible fading values.
In contrast, we agree with the estimate for the Holevo
information from Ref. [56] but take a more conservative
value for the mutual information IAB since their value
is computed for a Gaussian modulation that would
yield the same covariance matrix. We have instead
argued that one needs to carefully consider the classical
channel mapping Y to X (in the reverse reconciliation
procedure). This is a fading channel where one can take
advantage of the pilot signals to get a rough estimate
of the fading coefficient. This implies that one can
approximate the capacity of that channel with the
average of the capacities of an AWGN channel over the
value of the fading parameter.
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